The use of foliar fungicides on field corn has increased greatly over the past 5 years in the United States in an attempt to increase yields, despite limited evidence that use of the fungicides is consistently profitable. To assess the value of using fungicides in grain corn production, random-effects meta-analyses were performed on results from foliar fungicide experiments conducted during 2002 to 2009 in 14 states across the United States to determine the mean yield response to the fungicides azoxystrobin, pyraclostrobin, propiconazole + trifloxystrobin, and propiconazole + azoxystrobin. For all fungicides, the yield difference between treated and nontreated plots was highly variable among studies. All four fungicides resulted in a significant mean yield increase relative to the nontreated plots (P < 0.05). Mean yield difference was highest for propiconazole + trifloxystrobin (390 kg/ha), followed by propiconazole + azoxystrobin (331 kg/ha) and pyraclostrobin (256 kg/ha), and lowest for azoxystrobin (230 kg/ha). Baseline yield (mean yield in the nontreated plots) had a significant effect on yield for propiconazole + azoxystrobin (P < 0.05), whereas baseline foliar disease severity (mean severity in the nontreated plots) significantly affected the yield response to pyraclostrobin, propiconazole + trifloxystrobin, and propiconazole + azoxystrobin but not to azoxystrobin. Mean yield difference was generally higher in the lowest yield and higher disease severity categories than in the highest yield and lower disease categories. The probability of failing to recover the fungicide application cost (p loss ) also was estimated for a range of grain corn prices and application costs. At the 10-year average corn grain price of $0.12/kg ($2.97/bushel) and application costs of $40 to 95/ha, p loss for disease severity <5% was 0.55 to 0.98 for pyraclostrobin, 0.62 to 0.93 for propiconazole + trifloxystrobin, 0.58 to 0.89 for propiconazole + azoxystrobin, and 0.91 to 0.99 for azoxystrobin. When disease severity was >5%, the corresponding probabilities were 0.36 to 95, 0.25 to 0.69, 0.25 to 0.64, and 0.37 to 0.98 for the four fungicides. In conclusion, the high p loss values found in most scenarios suggest that the use of these foliar fungicides is unlikely to be profitable when foliar disease severity is low and yield expectation is high.
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The use of foliar fungicides is often profitable in seed corn (Zea mays L.) production (38, 67, 68) but has been much less profitable in grain corn production because of the substantially lower value of grain compared with seed. Profitable fungicide use in corn grown for grain is influenced by grain price and application costs and is strongly dependent on the yield potential and disease-susceptibility or resistance of the hybrid planted, and foliar disease intensity throughout the growing season (38) . In the U.S. Corn Belt, several foliar diseases are of concern, depending on the production region, but gray leaf spot (GLS), caused by Cercospora zeae-maydis Tehon & E. Y. Daniels, has been the disease of greatest concern since first becoming a problem in the 1980s and 1990s (31) (32) (33) . The elevation of GLS from a disease of secondary importance to a major problem throughout the eastern United States and the Midwest paralleled the adoption of reduced tillage (31, 33) . Disease severity tends to be higher in areas where susceptible hybrids are planted in no-till, continuous-corn fields (10, 33, 49, 66) . However, the presence of corn residue on the soil surface, although increasing the risk of foliar disease caused by necrotrophic fungi, does not always lead to severe disease. Unless weather conditions are favorable for infection (3, 53, 63) and sporulation (46) , GLS may not reach yield-limiting levels (e.g., leaves above the ear become severely blighted) (1) , even if residue is present. As a result, foliar fungicide applications for management of GLS (or other residue-borne diseases) may not be warranted, even when crop production practices favor GLS or other diseases.
Since 2006, there has been an increased interest in foliar fungicide application in corn (and other field crops) in the United States for reasons other than simply disease control (37) . Claims of substantial yield increase in hybrid corn in response to foliar fungicides, even in the absence of foliar disease symptoms, have led to fungicide applications on several million hectares, with costs in the millions of dollars across the U.S. Corn Belt (37) . Modern hybrids with high yield potential and new fungicide active ingredients with effects on crop physiology have been given as possible motivations for increased fungicide application in field corn production (37) . In particular, based on bioassays and studies conducted under controlled conditions, quinone outside inhibitor (QoI) fungicides have been shown to induce physiological and developmental changes in plants, including retardation of senescence due to reduced oxidative stress (72) , increased photosynthetic capacity, transient inhibition of respiration, inhibition of ethylene biosynthesis (15) , and reduction of stomatal aperture and water loss through transpiration (14, 39) . These changes are believed to translate into greater stress tolerance and higher yields in QoI-treated crops under field conditions, and have prompted recent additions to the label of one of the most widely used QoI fungicide products, 23.6% pyraclostrobin (Headline; BASF Corporation Agricultural Products, Research Triangle Park, NC). In 2009, the U.S. Environmental Protection Agency granted a supplemental label for the use of Headline for disease control and its "plant health" benefit, which may lead to more widespread use of fungicides without regard to disease risk.
Claims of substantial yield increases in response to QoI-based fungicides have not always been substantiated by adequate data analysis and research synthesis. For instance, conclusions regarding the overall yield benefit and economics of fungicide use in corn have been based largely on tests of treatment significance from individual trials, a tally of the number of trials with significant results (vote counting), and simple unweighted arithmetic mean yield difference between treatments across multiple trials (27, 37) . There are several reasons why these approaches may not necessarily be appropriate for the synthesis of this type of data (4, 18) . Simple means of effect sizes across studies give the same weight to studies with high variability (low precision) and to those with low variability (high precision) and, hence, do not account for inherent differences among trials (including betweenstudy variability and the presence of study-specific conditions as well as unequal within-study variability) that likely influence the magnitude and precision of the estimated overall fungicide effect. Madden and Paul (36) presented a discussion of the fallacy of research synthesis based on vote counting and provided several justifications why a quantitative method known as meta-analysis is much more appropriate. In brief, the statistical power of the vote-counting method is generally very low, perhaps lower than that of the majority of the individual studies, and may actually decrease as the number of studies increase. The statistical power of meta-analysis, on the other hand, is higher than that of individual analyses and vote counting and, therefore, this approach is less likely to lead to erroneous conclusions regarding treatment effects (4, 21, 36) .
Meta-analysis, a quantitative synthesis of research findings from multiple individual trials (4, 18, 34, 44) , provides an alternative to narrative review or qualitative research synthesis. In metaanalysis, an overall effect size is estimated, in which each individual effect size is given a weight that is an inverse function of (i) the within-study variance and, for a random-effects analysis, (ii) the between-study variance. An effect size is any statistic (mean yield difference in this case) that can be used to evaluate the overall effect of some treatment or the strength of a relationship between variables (4, 17, 34, 36) . Both within-and betweenstudy variability are considered when estimating the overall mean effect size through an iterative weighing algorithm. The objective of this study was to use meta-analysis to determine (i) the overall mean effect of QoI-based fungicide treatments on grain yield of hybrid field corn and the corresponding confidence interval (CI) and between-study variability, (ii) the influence of categorical levels of yield and foliar disease severity in the nontreated plot (baseline) on mean effect size, and (iii) the probability that there is an economic benefit to applying a fungicide in a randomly selected study or field under a range of scenarios of grain market prices and application costs.
MATERIALS AND METHODS
Data set. The data used in this investigation were obtained from fungicide research and on-farm studies conducted by uni-versity researchers (the co-authors of this article) and from summaries of foliar fungicide studies published in Fungicide and Nematicide Tests (F&N Tests) and Plant Disease Management Reports (PDMR) (The American Phytopathological Society, St. Paul, MN). For the purpose of this research, a study is defined as an entry (a row in the data matrix) with a unique combination of year, location, hybrid, and corresponding yield and disease (when available) data. In order for a study to be considered for inclusion in the analysis, it had to be replicated, with a random assignment of treatments consisting of a single application of at least one of the following fungicides: 23.6% pyraclostrobin (Headline; BASF Corporation Agricultural Products), 11.4% propiconazole + 11.4% trifloxystrobin (Stratego; Bayer CropScience, Research Triangle Park, NC), 7% azoxystrobin + 11.7% propiconazole (Quilt; Syngenta Crop Protection Inc., Greensboro, NC), or 22.9% azoxystrobin (Quadris; Syngenta Crop Protection Inc.) applied at labelrecommended rates (438 ml/ha for Headline, 730 ml/ha for Stratego, 1,023 ml/ha for Quilt, and 658 ml/ha for Quadris) between the VT (tassel emergence) and R1 (silk emergence) growth stages (52) . Studies also had to have some measure of yield (volume or weight per unit area) for the nontreated comparison plots and at least one of the fungicide treatments and some measure of variability of the yield response, such as the least significant difference or coefficient of variation. Inclusion of information on disease severity was not a criterion for selection because this research synthesis encompasses situations with or without visible foliar disease. To be included, studies had to be published by February 2011 and report on results from 2009 or earlier.
Unpublished summaries and raw data were gathered from a total of 187 studies conducted by the co-authors of this article. Most of the studies were conducted with fungicide treatments and a nontreated check in a randomized complete block design; however, some studies (25%) had fungicide treatment and hybrid in a split-plot arrangement, with hybrid as the whole-plot factor. For the latter group of studies, each hybrid was treated as a separate observation in the meta-analysis, because hybrids were in separate replicated plots with fungicide treatments randomized within each hybrid. The number of replicate blocks ranged from two to six, and experimental units were 7.62 to several hundred meters long × 3.05 to several meters wide. The specific fungicide treatments varied among studies but, in all of the 187 selected trials, one or more of the treatments satisfied the aforementioned criteria. In most cases, a nonionic surfactant was added with the fungicide mixture at a rate of 0.25 to 1.0% (vol/vol). Treatments were either air applied (in 13 studies) or ground applied using tractor-mounted sprayers, specialized high-clearance sprayers, or hand-held booms, at 46.67 to 187.08 liters/ha. Grain was harvested using a research-plot or commercial combine harvester and yield was adjusted to 15.5% moisture. Yield was converted from the original unit of bushels per acre to metric tons per hectare, based on a test weight of 25 kg/bushel.
Using corn and azoxystrobin, pyraclostrobin, or trifloxystrobin as keywords, the PDMR search engine was used to screen for trials that met the aforementioned criteria. In general, for any given issue of PDMR, each published summary consisted of a table with mean grain yield for fungicide-treated and nontreated plots from a single trial. However, in some cases, the published summary consisted of data from separate trials (with the same or similar sets of treatments) conducted at multiple locations or using different hybrids at the same location. Each trial was considered an individual study for the analysis. Data were collected from a total of 25 PDMR studies for the period 2002 to 2009 (6) (7) (8) (22) (23) (24) (25) (28) (29) (30) (58) (59) (60) (61) (62) (69) (70) (71) . Eight additional studies were found in PDMR, however, in which four of these were not considered because they did not meet the aforementioned study selection criteria. The other four PDMR studies (41, 47, 48, 56) were already included in the dataset as raw data collected from the co-authors.
In total, 212 studies (187 as raw data from experiments and 25 as summaries from PDMR) were compiled from 14 states for the period 2002 to 2009: 86 from Ohio, 33 from Iowa, 23 from Illinois, 24 from Minnesota, 8 from Maryland, and 38 from Virginia, Mississippi, Kansas, Wisconsin, Missouri, Kentucky, Indiana, North Dakota, and Nebraska. Among the fungicide treatments evaluated in this study, pyraclostrobin was tested in 172 studies (67 from Ohio, 31 from Iowa, 17 from Illinois, 19 from Minnesota, and 38 from the other 10 states), propiconazole + trifloxystrobin in 72 studies (24 from Ohio, 10 from Iowa, 23 from Illinois, and 15 from 8 other states), propiconazole + azoxystrobin in 61 studies (17 from Illinois and 44 from 12 other states), and azoxystrobin in 25 studies (16 from Illinois, 4 from Iowa, 3 from Indiana, and 2 from Ohio).
Meta-analysis of fungicide effect on grain yield. For each study, the difference in mean yield between treated and nontreated plots for each fungicide tested was used as the effect size to determine the overall mean yield response (mean effect size) of hybrid corn to QoI-based fungicide treatments. For instance, if Check X is the mean yield for the nontreated plot in a study and Treated X the mean yield for a treatment in a study (where "Treated" corresponds to either pyraclostrobin, propiconazole + trifloxystrobin, propiconazole + azoxystrobin, or azoxystrobin), then the effect size (D, unstandardized mean difference) was computed simply as 34, 36) . D is an intuitive and informative summary of fungicide effect on grain yield and, as such, an appropriate effect size for the questions being asked in this investigation (36) .
Separate random-effects meta-analyses were performed as described by Paul et al. (42) and Madden and Paul (36) for each fungicide to estimate the overall mean effect size ( D ) and to determine the variability in effect size among studies. Models were fitted to the data in PROC MIXED of SAS using maximum likelihood as described elsewhere (36, 40, 55, 64) . In the analysis, each study was given an initial weight that was inversely proportional to the sampling variance (within-study variance) of the mean difference, computed as
, where the i subscript refers to the ith study and r the number of replicates within a study. V is the mean square error (residual variance) from an analysis of variance (ANOVA) of the effect of fungicide treatment on yield. For studies for which the original data were available (fungicide research and on-farm strip trials), the residual variance was obtained directly from a preliminary ANOVA of the raw data in PROC MIXED (35) of SAS (SAS Institute Inc., Cary, NC). For studies from F&N Tests and PDMR for which only the means and the least significant difference (LSD) were available, V was calculated from the presented LSD as described previously (36, 42) . In the maximum likelihood approach, the initial weights are updated in an iterative fashion by inclusion of the between-study variance.
The random effects model can be written as i D ~) , (
where D i is the mean difference (effect size) in yield between the treatment and the nontreated for the ith study (i = 1,…,k), ~N(•) indicates a normal distribution, µ is the expected value of D (mean effect size), σ 2 is the between-study variance, and s i 2 is the within-study variance for the ith study. Study was considered a random effect in each analysis, and models were fitted using D i as the response variable in the model statement. The within-study variances were incorporated (as fixed weights, 1/s i 2 ) into the model fitting procedure using the weight statement in PROC MIXED. The estimate of µ equals D , and separate values ( , , ,
) were computed for each fungicide in separate analyses. Standard normal test statistics (Z) (11, 19) were used to determine whether , , ,
and AZOX D were significantly different from zero. Standard errors of the effect sizes were determined by PROC MIXED based on mixed model theory (35) and used to determine the 95% CIs for mean effect sizes, as described elsewhere (4, 34) .
Yield response to fungicides as influenced by baseline yield and foliar disease severity. Two of the most common explanations for differences in yield response to fungicide treatments among trials are the difference in baseline yield (YLD_BASE) among hybrids used in the trials and difference in disease intensity. YLD_BASE differences could be a function of several factors acting separately or in combination to affect yield, including the yield potential of the hybrid, soil and weather conditions, and stresses caused by pests and diseases. For the population of studies included in this investigation, mean yield and foliar disease severity (when reported) in the nontreated check were used as measures of YLD_BASE and baseline disease severity (DIS_BASE), respectively, in the study. YLD_BASE served a surrogate for possible biotic and abiotic factors affecting yield in a given study. This is similar to the approach taken in medical statistics, where the response variable in the control is used to represent baseline risk of disease, disorder, or clinical condition (2, 9) .
Based on the range (difference between minimum and maximum yields) and distribution of the yield data for the nontreated plots, studies were grouped into different categories, using histograms as a guide for defining cutoffs (natural breaks in the distribution). For pyraclostrobin and propiconazole + trifloxystrobin, the categories were (i) YLD_BASE1 ≤ 9.1 metric tons per hectare (MT/ha) (≈145 bushels/acre), (ii) YLD_BASE2 of 9.1 to 11.9 MT/ha (≈145 and 190 bushels/acre), and (iii) YLD_BASE2 ≥ 11.9 MT/ha. There were 57, 61, and 54 studies with pyraclostrobin in categories i, ii, and iii, respectively, and 18, 17, and 37 studies with propiconazole + trifloxystrobin in the three categories. For propiconazole + azoxystrobin and azoxystrobin, the categories were (i) YLD_BASE1 < 11.9 MT/ha and (ii) YLD_BASE2 ≥ 11.9 MT/ha. There were 28 and 33 studies with propiconazole + azoxystrobin in the first and second categories, respectively, and 12 and 13 with azoxystrobin in the two categories.
For each fungicide, if foliar disease severity (percent diseased leaf area) was reported, studies were grouped into two categories based on ear leaf severity in the nontreated plot between the R4 and R6 growth stages (52): (i) DIS_BASE1 < 5% and (ii) DIS_ BASE2 ≥ 5%. The 5% cutoff was based on a preliminary summary of a subset of the data (data collected in 2008) which showed a clear difference in yield response between the two categories (G. Shaner, unpublished). The diseases reported were GLS (C. zeae-maydis), northern corn leaf blight (Exserohilum turcicum), and common rust (Puccinia sorghi). GLS was the disease most frequently reported, either as the only disease or in combination with one or both of the other two diseases as total diseased ear leaf area. A third category, DIS_BASE3, was created for studies without reported foliar disease severity. These studies may represent situations when visible disease symptoms were not observed (and not mentioned) or when disease severity assessments were not conducted or reported. Thus, it would likely represent a diverse set of conditions. Studies in which disease intensity was reposted as area under the disease progress curve or severity on an ordinal rating scale were included in the third category, unless the severity category could have been deduced from the reports. For instance, in one study (61) , GLS severity was reported on a 1-to-5 scale, with 1 = a trace number of lesions on leaves below the ear, none on leaves above; 2 = many lesions on leaves below the ear, trace above; 3 = severe lesion development on leaves below the ear, all leaves above with lesions; 4 = all leaves with severe lesion development, but green tissue still visible; and 5 = all leaves dry and dead. The ordinal scores were accompanied by corresponding whole-plant severity scores (0 to 100%), with a 3 on the ordinal scale corresponding to 35% whole-plant severity, 4 on the ordinal scale to ≈75% whole-plant severity, and 5 to >96% whole-plant severity. These severity scores, on both scales, corresponded to >5% GLS severity on the ear leaf (E. Stromberg, personal communication). Foliar disease severity data were available for 101 studies with pyraclostrobin (65 in the first category and 36 in the second), 59 with propiconazole + trifloxystrobin (28 in the first category and 31 in the second), 37 with propiconazole + azoxystrobin (15 and 22 in categories i and ii, respectively), and 20 with azoxystrobin (7 and 14 in categories i and ii, respectively).
For this part of the study, the meta-analytical models were expanded to evaluate the effect of YLD_BASE and DIS_BASE, categorical moderator variables (4, 34) , on the effect size (D). This is a common analytical approach in meta-analysis when heterogeneity of the effect sizes between studies is verified (42, 43) . Because the moderator variables were treated as fixed effects in the analysis, the overall model was a mixed effect model. Separate models were fitted for each fungicide and each moderator variable in PROC MIXED to determine whether YLD_BASE and DIS_BASE significantly affected D and to estimate separate D values for each level of each moderator variable. Models were fitted using the same within-study (sampling) variances as above in the analysis without the moderator variable. With the moderator variable, the mixed-effect model can be written as
, where δ i is the effect of the moderator variable for the ith study on the mean effect size. All other terms are as described previously. In this model, the mean effect size is not a constant across all studies but a sum of an overall mean (µ) and the effect of the moderator variable (δ i ). To determine whether the moderator variable had a significant effect on the mean effect sizes, χ 2 tests (11, 19, 34, 42) were used, and linear contrasts were used to estimate the mean effect sizes and their standard errors and CIs for each level of the moderator variable.
Study heterogeneity. A likelihood ratio statistic (LRS) was used to test whether the between-study variance was >0 (36) . For each fungicide, the meta-analytical model was refitted without the random effect of study (a fixed-effect model) and the difference in −2 times the log-likelihood between the fixed-and random-effects model fits (the LRS) was determined. Under the null hypothesis of σ 2 = 0, LRS has a distribution that is a mixture of χ 2 distributions with 0 and 1 degrees of freedom (35, 36) . In addition, the R 2 statistic (this is not the coefficient of determination) of Higgins and Thompson (20) was calculated. This is a statistic used to determine the impact of the between-study variability on the effect sizes. R 2 > 1.5 indicates considerable heterogeneity and the need to account for between-study variability in the analysis.
Prediction and risk analysis. Although the overall mean yield difference ( D ) can be used to determine average cost and benefits of fungicide application in the long run, D alone cannot reveal the chance of a given yield response in any single field or study. It is important for corn producers and researchers to know what can be expected of a certain treatment or crop management practice in a future trial or growing season. It would also be of interest to estimate the risk of losing money (because of increased production cost) if a certain production practice is used when it is not warranted. One can estimate the probability of a certain effect-size outcome based on results from previous studies in a meta-analysis (36) . For instance, for each of the fungicides evaluated in this investigation, the mean effect size ( D ) and estimated between-study variance ( 2 σ ) from the meta-analyses can be used to estimate the probability of the yield response to fungicide in a new randomly selected study-done in the same manner as the studies considered in this analysis-being lower (or higher) than some constant (C). This probability is estimated as p
is the cumulative standard-normal function and σ is the estimated between-study standard deviation (36, 43, 64) . In particular, one can estimate the probability that the yield response (effect size in a future study) is lower than that necessary to offset the cost of the fungicide treatment (product plus application costs). This probability is the risk of failing to recover the cost of applying the fungicide.
Assuming grain prices of $79 to 276 U.S./MT (≈$2 to 7 U.S./ bushel) and fungicide application costs of $40 to 95 U.S./ha (≈$16 to 40 U.S./acre), the minimum yield increase in response to fungicide treatment necessary to break even was estimated for each combination of grain price and application cost. D and 2 σ from the meta-analyses, with disease severity as moderator variable, were then used to estimate the probability of not achieving the minimum breakeven yield increase in a new study, for each selected grain price-application cost combination, fungicide, and baseline disease class. For the purpose of this investigation, this probability was called p loss . For instance, assuming all other crop production costs remain constant, if fungicide application cost is $62 U.S./ha and grain market price is $197 U.S./MT, it would take a yield increase of C = 314 kg/ha to offset the cost of fungicide application. Hence, the probability of D < 314 kg/ha can be estimated as
RESULTS
Yield response and meta-analysis. Mean grain yield varied among studies and among fungicide treatments. In general, mean yield was higher in plots treated with fungicides than in the nontreated plots (Fig. 1) . For all fungicides, the difference in mean yield between treated and nontreated plots ( Check Treated X X D − = ) varied among studies. A subset of the studies had a negative yield response, meaning that the nontreated plots had higher mean yields than the fungicide-treated plots (Fig. 2 ). This occurred in 26 to 48% of the studies, depending on the fungicide. D was -1,940 to 2,211 kg/ha for pyraclostrobin, -1,793 to 2,999 kg/ha for propiconazole + trifloxystrobin, -2,368 to 3,034 kg/ha for propiconazole + azoxystrobin, and -886 to 1,821 kg/ha for azoxystrobin. As indicated by the vertical standard error bars in Figure  2 , a measure of the within-study variability of the effect size, the precision with which D was estimated, varied substantially among studies for all of the tested fungicides.
Based on the standard normal test statistics from the metaanalyses, the overall mean yield difference (the effect size, D ) was positive and significantly different from zero for all of the tested fungicides (Table 1) . D was highest for propiconazole + trifloxystrobin followed by propiconazole + azoxystrobin and pyraclostrobin, and lowest for azoxystrobin. The width of the 95% CI around D was narrowest for pyraclostrobin and increased with decreasing sample size (number of studies), being the widest for azoxystrobin. Hence, the precision with which the effect size was estimated was partly affected by the number of studies in the analysis. For instance, there were 147 more studies with pyraclostrobin than with azoxystrobin, with the width of the 95% CI being 280 kg/ha (4.46 bushels/acre) narrower for the former than the latter fungicide.
Effect of moderator variables and between-study variability. Based on the χ 2 test statistics from the analyses, the effect of YLD_BASE on the effect size was statistically significant for propiconazole + azoxystrobin (P = 0.03), marginally significant for propiconazole + trifloxystrobin (P = 0.07), but not significant for azoxystrobin (P = 0.103) and pyraclostrobin (P = 0.805). Studies in the lowest YLD_BASE category consistently had higher mean yield responses to the fungicides than those in the highest yield category (Fig. 3) . For propiconazole + trifloxy-strobin, TRIF PROP D + was significantly (P = 0.02) higher for YLD_BASE1 (YLD_BASE ≤ 9.1 MT/ha) than YLD_BASE3 (YLD_BASE ≥ 11.9 MT/ha). However, the differences between YLD_BASE1 versus YLD_BASE2 and YLD_BASE2 versus YLD_BASE3 were not statistically significant. Similarly, for propiconazole + azoxystrobin, YLD_BASE1 (YLD_BASE < 11.9 MT/ha) had a significantly (P = 0.03) higher AZOX PROP D + (Table  2 ) than YLD_BASE2 (YLD_BASE ≥ 11.9 MT/ha). The width of the 95% CI around D (Fig. 3 ) varied from one YLD_BASE category to another, tending to be narrower for categories with the larger sample sizes (Fig. 3) .
The effect of DIS_BASE on the mean effect size was statistically significant for pyraclostrobin (P = 0.008), propiconazole + trifloxystrobin (P = 0.030), and propiconazole + azoxystrobin (P = 0.012) but not significant for azoxystrobin (P = 0.239). For Fig. 2 . Mean yield difference between fungicide treatments and the nontreated, sorted from the lowest to the highest, for the fungicides A, pyraclostrobin, (PYRA); B, propiconazole + trifloxystrobin (PROP+TRIF); C, propiconazole + azoxystrobin (PROP+AZOX); and D, azoxystrobin (AZOX). Each bar represents the yield difference averaged across two to six replicates and the vertical lines extending from each bar are standard errors. K is the number of studies in which the mean yield difference was determined for each fungicide. Studies came from a total of 18 articles published in Plant Disease Management Reports (with some articles reporting on multiple studies) and 187 trials conducted by the co-authors of this article. the first three fungicides, D was significantly higher in DIS_BASE2 (foliar disease severity ≥ 5%) than in one or both of the other two categories, DIS_BASE1 (severity < 5%) and DIS_BASE3 (trials without reported foliar disease severity). However, D was not significantly different between DIS_BASE1 and DIS_BASE3, and the difference between DIS_BASE2 and DIS_BASE1 was not statistically significant for each fungicide ( Table 2) . Depending on the fungicide, studies in the high DIS_BASE2 category had a 114 to 400 kg/ha higher mean yield than those in the DIS_BASE1 category ( Fig. 3 ). For both DIS_BASE categories, the width of the 95% CI around the effect size was wider for azoxystrobin than for the other fungicides (Fig.  3H) . With <15 studies for some moderator-variable categories for azoxystrobin, estimated effect sizes for each category would be imprecise for this fungicide (4, 34) . The results are still shown in the figure, however, for comparisons with the other treatments. The effect of DIS_BASE3 (no reported foliar disease) on the effect sizes was ambiguous, as anticipated. This category likely Fig. 3 . Mean yield differences between fungicide-treated and nontreated plots and their 95% confidence intervals (horizontal bar) for all studies (Overall) and for studies categorized according to baseline yield (YLD_BASE, mean grain yield in the nontreated plot; left column) and baseline foliar disease severity (DIS_BASE, mean disease severity on the ear leaf in the nontreated, between the dough and dent growth stages) for the fungicides A and B, pyraclostrobin, (PYRA); C and D, propiconazole + trifloxystrobin (PROP+TRIF); E and F, propiconazole + azoxystrobin (PROP+AZOX); and G and H, azoxystrobin (AZOX). For PYRA and PROP+TRIF, YLD_BASE1 = YLD_BASE ≤ 9.1 MT/ha, YLD_BASE2 = YLD_BASE of 9.1-11.9 MT/ha, and YLD_BASE3 = YLD_BASE ≥ 11.9 MT/ha. For PROP+AZOX and AZOX, YLD_BASE1 = YLD_BASE < 11.9 MT/ha and YLD_BASE2 = YLD_BASE ≥ 11.9 MT/ha. DIS_BASE1 = DIS_BASE < 5%, DIS_BASE2 = DIS_BASE ≥ 5% severity, and DIS_BASE3 = studies without reported disease severity. Confidence intervals show precision of the means but do not directly indicate significant differences. See Table 2 for contrasts of means. K is the total number of studies (Overall) and the number of studies in each category. The dataset consisted of 25 studies from articles published in Plant Disease Management Reports (with some articles dealing with multiple studies) and 187 from experiments conducted by the co-authors of this article.
includes a diverse collection of unreported disease levels, for different diseases, including those with no actual foliar disease being present (or found). The mean effect size for this category was typically the lowest numerically of the three DIS_BASE categories but the CIs were also quite wide for some treatments.
Based on likelihood ratio test, the estimated between-study variance ( 2 σ ) was significantly different from zero (P < 0.05) for models fitted with and without moderator variables for three of the four tested fungicides (Table 3 ). This test indicated that the random-effects meta-analysis model was appropriate, fitting the data significantly better than a fixed-effects model (model with zero between-study variances or covariances) (P < 0.05) for pyraclostrobin, propiconazole + trifloxystrobin, and propiconazole + azoxystrobin but not azoxystrobin. The R 2 statistics (20) were >1.5 for the first three mean effect sizes in Table 3 , indicating that there was considerable heterogeneity among the studies with pyraclostrobin, propiconazole + trifloxystrobin, and propiconazole + azoxystrobin and, as such, the between-study variability needed to be accounted for in the analyses.
In all cases, accounting for the effects of YLD_BASE and DIS_BASE on the effect size led to a reduction in 2 σ . In general, DIS_BASE explained a greater proportion of the between study variability than did YLD_BASE (Table 3) .
Prediction and risk analysis. Based on estimated break-even grain yield for a range of fungicide application cost-grain price combinations, and the statistics ( D and 2 σ ) from the metaanalyses reported here, the probability of the expected yield response in a new randomly selected trial being insufficient to offset the cost of fungicide application (p loss ) was estimated. For almost all of the grain price-application cost combinations evaluated (85%), p loss was >0.5 when foliar disease severity in the nontreated plot (DIS_BASE) was <5% (Fig. 4A, C, E, and G) . On the other hand, p loss was >0.5 for only 33% of the grain priceapplication cost combinations, when disease severity was ≥5% (Fig. 4B, D, F, and H) . As required based on the probability formula, for all four fungicides and both DIS_BASE categories, the p loss values increased with increasing fungicide application cost and, at any given application cost, decreased with increasing σ = estimated between-study variance, P = probability value (significance level) for testing the equality of 2 σ to zero for models fitted without moderator variable (Overall) and with baseline yield or foliar disease severity as a categorical moderator variable, LRS = likelihood ratio statistic, and R 2 of Higgins and Thompson (20) (see text for explanation). For ease of presentation, 2 σ was divided by 1,000.
c Percentage of the between-study variability explained by baseline yield (mean yield in the nontreated plot) and baseline foliar disease severity (mean disease severity on the ear leaf in the nontreated at R4-R6). grain prices (Fig 4) . For instance, when severity was <5% and grain price was $0.16/kg, p loss increased from 0.41 to 0.90 for pyraclostrobin; 0.54 to 0.84 for propiconazole + trifloxystrobin; 0.50 to 0.78 for propiconazole + azoxystrobin; and 0.83 to 0.99 for azoxystrobin as application cost increased from $40.00 to 96.00/ha. The corresponding increases when disease severity was ≥5% were from 0.24 to 0.78, 0.19 to 0.50, 0.20 to 0.47, and 0.23 to 0.85 for pyraclostrobin, propiconazole + trifloxystrobin, propiconazole + azoxystrobin, and azoxystrobin, respectively. At an application cost of $65/ha, p loss increased from 0.39 to 0.99 when disease severity was <5% and from 0.18 to 0.98 when severity was ≥5% as grain price decreased from $0.28 to 0.08/kg. For 205 of the 384 (≈53%) grain price-application cost-fungicide scenarios that were considered, there was a >70% chance of not seeing a return on investment when disease severity was <5% (p loss ≥ 0 .70). For the low DIS_BASE category, there was >75% chance of not obtaining a yield increase high enough to offset the cost of applying pyraclostrobin or azoxystrobin (p loss ≥ 0.75) if grain price was $0.08/kg and fungicide application costs were >$40/ha (Fig. 4 ). For the high DIS_BASE category and the two fungicides with the highest D values, propiconazole + trifloxystrobin and propiconazole + azoxystrobin, the chance of losing money on fungicide investment was <25% (p loss < 0.25) when grain prices were >$0.16/kg and application costs were <$65/ha. The chance of at least recovering the cost of fungicide application through increased grain yield was greatest at the highest grain price and lowest fungicide application cost considered when disease severity was ≥5%, being 88% for pyraclostrobin Fig. 4 . Probability of not offsetting fungicide application cost (product plus application) for a range of application costs and grain market prices for the fungicides A and B, pyraclostrobin, (PYRA); C and D, propiconazole + trifloxystrobin (PROP+TRIF); E and F, propiconazole + azoxystrobin (PROP+AZOX); and G and H, azoxystrobin (AZOX), based on estimates of the mean yield difference ( D ) and the between-study variance ( 2 σ ) from meta-analyses of fungicide effects on grain yield, for studies with baseline foliar disease severity on the ear leaf in the nontreated plot A, C, E, and G, <5% and B, D, F, and H, ≥5%. (i.e., 1p loss ≥ 0.88), 87% for propiconazole + trifloxystrobin, 86% for propiconazole + azoxystrobin, and 90% for azoxystrobin. Similar results for p loss were found when YLD_BASE was used as the moderator variable (data not shown). In brief, p loss was the greater for the highest YLD_BASE categories than for the lowest YLD_BASE categories.
DISCUSSION
Since 2006, there has been a substantial increase in the application of foliar fungicides, especially those belonging to the QoI group of compounds, on hybrid field corn in the U.S. Corn Belt. This increase can at least be partially attributed to claims of "plant health", "plant performance", yield, and physiological benefits associated with fungicide applications (37) . Many plant pathologists have questioned the magnitude of yield benefits associated with these physiological effects (37) . To address these questions, several studies on corn have been conducted by both universityand industry-based researchers. Although the summaries of yield responses to fungicides presented by the different research groups show similar trends (with graphs similar to those shown in Figure  2) , there have been different interpretations of the findings and, consequently, conclusions regarding the value and economics of using foliar fungicides in hybrid corn when foliar diseases are absent or at nominal levels (37) .
Most of the previous conclusions regarding the effects of fungicides on hybrid corn yield were based on simple arithmetic means or a tally of studies with significant results (vote counting) (27, 37) . Using data from fungicide trials conducted across the U.S. Corn Belt during 2002 to 2009, results presented here constitute the first comprehensive quantitative synthesis of hybrid corn yield response across a wide range of environments to four of the most widely used foliar fungicides. Through randomeffects meta-analyses, the overall mean yield difference (the effect size, D ) between treated and nontreated plots was determined for pyraclostrobin, propiconazole + trifloxystrobin, propiconazole + azoxystrobin, and azoxystrobin, all applied at label-recommended rates at either tasseling or silking. For all four products, there was a significant increase in yield relative to the nontreated plots. For three of the fungicides for which the yield increase was significant (pyraclostrobin, propiconazole + trifloxystrobin, and propiconazole + azoxystrobin), the magnitude of the response was affected by baseline foliar disease severity. D was generally greater for the higher disease severity category than the lower severity category. In addition, YLD_BASE affected the response to propiconazole + trifloxystrobin and propiconazole + azoxystrobin, with D being higher in the lowest YLD_BASE category than in the highest category.
The observed influence of YLD_BASE on the effect sizes and, consequently, the probability of profitable fungicide use is somewhat contrary to that reported in a similar investigation conducted by Munkvold et al. (38) based on a much smaller number of studies. These authors reported that the probability of profitable fungicide use in field corn was lower in fields with low yield potential and suggested that such fields should not be considered for fungicide application. There are several possible explanations for significantly higher effect sizes in the low YLD_BASE categories than in the higher categories. These include not only the inherent genetic yield potential of the hybrid but also environmental factors, yield-impacting stresses such as pest and diseases, hybrid resistance, and complex interactions involving these factors. It is quite possible for the profitability of fungicide use to be low in fields with high yield potential, especially if the hybrid is resistant or tolerant to foliar diseases. Munkvold et al. (38) also suggested that fungicide use was less likely to be profitable when resistant hybrids were planted, because resistant hybrids were observed to be less responsive to fungicide treatments than susceptible hybrids.
In general, YLD_BASE would be low when foliar disease severity is high (66, 68) and fungicide effects on foliar diseases could translate into a yield response (58) (59) (60) (61) (62) 66) . The foliar disease effect was supported by results from our analysis of the effect of DIS_BASE on the mean yield response, which showed that D was higher in trials with disease severity ≥5% than in trials with severity <5%. As expected, results are less clear when foliar disease severity was not reported, although the trend for this category was for a smaller mean effect size compared with the situation with severity ≥ 5%. Our findings are comparable with those from other studies, which showed that mean yield response to fungicides was higher for trials in which hybrids with fair to poor resistance to GLS were planted than in those planted with GLS-resistant hybrids (37, 38) , and higher for trials in which corn was planted after corn than those in which corn was rotated with soybean (37) . This is also consistent with the findings from studies on hybrid corn grain yield response to foliar diseases and defoliation (1, 26, 66) , the effects of genetic resistance on disease and yield responses (12, 27, 38) , and the value of using fungicides to minimize yield loss in corn when foliar disease levels are above critical thresholds (1, 38, 54) .
In addition to estimating the expected effect size and evaluating the influence of the moderator variables on the effect sizes, metaanalysis was used here to make projections regarding the probability of future outcomes and to assess the economic value of using a fungicide in hybrid corn when disease severity is <5% and ≥5% (or yield was high or low). This is of particular importance because, from a farmer's perspective, it is not enough to know that a fungicide (or any other production practice, for that matter) may lead to a positive mean yield response in the long run. Knowing whether the average increase is large enough to offset the cost of applying the fungicide (and under what conditions this occurs) and the variability of the response are also important. At average grain prices and fungicide application costs over the study period, the mean yield increases of 64 to 306 kg/ha in trials where disease severity was <5%, depending on the fungicide, generally were insufficient to offset the cost of fungicide application. The probability of not recovering the cost of applying a fungicide (p loss ) at low disease severity was >0.70 for a wide range of application costs and grain prices, and >0.5 for almost every scenario considered. For all tested fungicides, p loss decreased with increasing grain price and decreasing application cost but, even at the highest grain price ($0.28/kg [$7/bushel]) and lowest fungicide application cost ($40/ha [$16.20/acre]), there was a 25, 44, 41, and 65% chance of the yield increase being insufficient to cover the cost of applying pyraclostrobin, propiconazole + trifloxystrobin, propiconazole + azoxystrobin, and azoxystrobin, respectively, when disease severity was low.
Based on data from the United States Department of Agriculture, National Agricultural Statistics Service, grain corn prices have not reached $0.28/kg ($7.00/bushel) in the last decade (1999 to 2009) but have been $0.06 to 0.23/kg ($1.53 to 5.80/bushel), with an average of $0.12/kg ($2.97/bushel). At this 10-year average grain price and for application costs of $40 to 95/ha, the chance of failing to recoup expenses when disease severity was <5% was 55 to 98% for pyraclostrobin, 62 to 93% for propiconazole + trifloxystrobin, 57 to 88% for propiconazole + azoxystrobin, and 91 to 99% for azoxystrobin. However, p loss was significantly lower when foliar disease severity was ≥5% on the ear leaf and, consequently, the probability of at least recovering the cost of fungicide application was higher in trials with >5% severity, especially at low application costs and high grain prices. When baseline severity was >5%, p loss values at the 10-year average grain price were <0.50 (0.28 to 0.48) for propiconazole + trifloxystrobin and propiconazole + azoxystrobin, at fungicide application costs of <$73/ha. These results, based on meta-analysis, are comparable with those reported by Munkvold et al (38) , based on Bayesian inference methods (5) . They estimated profit probabili-ties of 0.02 to 0.98 (corresponding to p loss of 0.98 to 0.02) for a single application of propiconazole, based on grain prices of $0.79 to 0.118/kg and an expected net return of $25/ha. In that study, the highest profit probabilities (and, consequently, the lowest p loss values) occurred when susceptible hybrid were planted and GLS severity on the ear leaf was >5% (22 to 73%).
Accounting for YLD_BASE and DIS_BASE reduced 2 σ but a substantial portion of the between-study variability remained unexplained. These large 2 σ values suggest that other factors (unrecorded or not reported) contributed to the observed differences in yield response to fungicides among studies. This is not surprising, given that hybrid corn yield is a function of several crop-, environment-, pest-, and management-related factors (13, 16, 50, 51, 57, 65, 66) and complex interactions involving these factors. Although YLD_BASE can be used as a surrogate risk factor for some of these effects, as was done here, the fact that this moderator variable only explained 2 to 11% of the between-study variability (for the fungicide for which its effect was statistically significant) suggests that a more direct investigation of the influence of factors such as soil type and fertility, temperature and moisture, weeds, pests, diseases, hybrid yield potential, pest and disease resistance, and cropping practices on yield response to fungicides will be needed to better determine the conditions under which the use of foliar fungicides may be more consistent and profitable. In addition, it is unclear what the 5% disease severity cutoff means in terms of yield loss and fungicide decision thresholds. However, this information could be used as the basis for future studies to develop such thresholds and to refine corn foliar disease risk assessment models (45) to predict late-season disease intensity, based on information collected prior to making fungicide use decisions (before VT/R1).
At present, based on the results from this investigation, one cannot recommend these fungicides for general use when foliar disease risk is low. Foliar fungicides on field corn may be warranted and cost effective when disease severity would be >5% in the absence of fungicide, grain prices are very high, application costs are low, and there is reasonable knowledge that yield would be low without treatment. However, there is great uncertainty, even when disease severity is >5%, that a grower would realize a profit in any given year and location when a fungicide is applied between VT and R1.
